The ν 2 lowest bending mode of linear C 3 and of all its 13 C-substituted isotopologues was recorded using a terahertz-supersonic jet spectrometer in combination with a laser ablation source. Sixtyfive ro-vibrational transitions between 1.8 and 1.9 THz have been assigned to linear 12 C 12 C 12 C, 12 C 12 C 13 C, 12 C 13 C 12 C, 13 C 13 C 12 C, 13 C 12 C 13 C, and 13 C 13 C 13 C. For each isotopologue, molecular parameters were obtained and the C-C-bond length was derived experimentally. All results are in excellent agreement with recent ab initio calculations [B. Schröder and P. Sebald, J. Chem. Phys. 144, 044307 (2016) ]. The new measurements explain why the interstellar search for singly substituted 12 C 12 C 13 C has failed so far. A spectral line list with recommended transition frequencies based on global data fits is given to foster future interstellar detections. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4971854]
I. INTRODUCTION
Linear C 3 is formed from carbonaceous materials in high temperature processes and in carbon rich plasmas. 1 Tricarbon has been found in flames, electrical discharges, and in laser ablation processes, as well as in astrophysical environments, such as cometary tails, 2 envelopes of aging carbonstars, 3 the diffuse interstellar medium, 4 and towards star forming regions. [5] [6] [7] [8] [9] First recognized by the turn of the twentieth century as unknown cometary emission features near 4050 Å, the unambiguous assignment to linear C 3 lasted another five decades until Douglas 10 in 1951 and Gausset et al. 11 in 1965 performed spectroscopic laboratory investigations on a methane-discharge and flash photolysis of diazomethane. These laboratory spectra revealed the non-rigid nature of the C 3 radical which possesses a large amplitude ν 2 bending motion at an unusually low vibrational frequency of roughly 63 cm 1 . Because of its relevance to astrophysics and its unusual molecular properties, C 3 has been studied extensively over the last couple of decades, both by experiment and theory. To begin with, high resolution ro-vibrational spectra of the ν 3 asymmetric stretching mode and associated ν 2 hot bands were reported by Matsumura et al. 12 and Kawaguchi et al. 13 which confirmed the large amplitude motion of the low bending mode. Schmuttenmaer et al. 14 used a fixed frequency far infrared laser mixed with tunable microwave radiation to measure seven ro-vibrational absorption lines of the ν 2 bending mode of C 3 between 58 and 69.5 cm 1 , data which have later on been a) Author to whom correspondence should be addressed. Electronic mail:
a.breier@physik.uni-kassel.de extended by Gendriesch et al. 15, 16 in 2003. For review articles on C 3 and other small carbon clusters, see Van Orden and Saykally 17 and Weltner and Van Zee. 18 Recently rotationally resolved infrared hot band spectra at 3 µm have been published by Krieg et al. 19 using an optical parametric oscillator (OPO) to provide high power tunable IR-radiation. MoazzenAhmadi and McKellar 20 performed infrared measurements using 13 C-enriched precursors and derived molecular parameters for the isotopologues 12 C 12 C 13 C and 13 C 13 C 13 C. Later, Krieg et al. 19 measured the first spectra of 12 C 13 C 12 C at 3 µm. Optical spectra of 13 C-isotopologues were reported by Haddad et al., 21 although with less frequency accuracy compared to the infrared studies. So far there have been no spectra published of the 13 C-substituted C 3 at the ν 2 lowest bending mode except Krieg et al. 19 who reported a weak absorption band, centered at 60.747 cm 1 which was incorrectly assigned to singly substituted 12 C 12 C 13 C. Our present data give evidence that the 60.747 cm 1 absorption belongs to the ν 2 band of 13 C 13 C 12 C. Based on the faulty assignment, our search for interstellar 12 C 12 C 13 C using the Herschel space telescope failed, which finally led to the present systematic study on the low bending mode of C 3 and its 13 C-isotopologues.
This new study makes use of a substantially improved supersonic jet spectrometer and high quality samples of well defined isotopic mixing ratios. In the course of our present study, high level ab initio data became available by Schröder and Sebald 22 which were communicated to us prior to publication and which helped assign our laboratory data to the six isotopologues of C 3 . From a least squares fit analysis, we derived molecular parameters for each of the six isotopologues including all rotationally resolved experimental data available from the literature. Finally we derived an equilibrium C-C bond distance from experimental data and compared results with ab initio values by Schröder and Sebald. 22 We give recommended frequency positions of all six isotopologues for rotational quantum numbers up to J = 12 emphasizing their possible future detection in astrophysical environments.
II. EXPERIMENT
C 3 was produced by the laser ablation of a sintered carbon target using the fourth harmonic of a Q-switched Nd:YAG laser at a 30 Hz repetition rate. The sample rod rotated and translated simultaneously to constantly provide a pristine carbon surface during the measurements. The ablated carbon was seeded in a flow of a helium gas pulse at 2 bar stagnation pressure which pre-expanded into a reaction channel of 3 mm length and 10 × 1 mm 2 cross section. The reaction channel allowed the formation of small and medium sized carbon clusters by re-condensing at moderate temperatures before the gas flow expanded adiabatically into a vacuum chamber at typically 10 3 mbar background pressure in the form of a supersonic jet. The adiabatic expansion reduced the rotational temperature of the carbon clusters to a few tens Kelvin. A schematic sketch of the experiment is shown in Figure 1 . Radiation in the range of 9 to 14 GHz was produced by a tunable synthesizer, and the output signal was amplified and frequency multiplied by a factor of 144 in a cascaded multiplier chain (Virginia Diodes) to generate radiation between 1.8 and 1.9 THz. The terahertz-beam intersected the supersonic jet perpendicularly 20 mm downstream the slit-nozzle exit in a multi-pass optics (arrangement: folded Heriott type). The transmitted THz-radiation was focused onto a liquid-He cooled InSb hot-electron bolometer (QMC instruments). The data were recorded during a 100 µs time frame allowing for the background subtraction of the signal shortly before the pulsed absorption signal appeared. A low-noise amplifier and band-pass filter (SR560, Scientific Instruments) was used to reduce the low frequency noise of the signal before storing the time-dependent signal on a computer. An absorption spectrum was obtained when tuning the THzfrequency in steps of 0.25 MHz over the entire spectral range, by taking the averaged 100 µs time-signals of 30 laser shots 
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a Global fit including high resolution 12 C 3 data. 13,14,16,19 b Global fit including data from Krieg et al. 19 and Haddad et al. 21 c Global fit including optical data set. 21 d Global fit including data from Moazzen-Ahmadi and McKellar. 20 e Fixed estimated D values. 30 at each frequency position. The accuracy of line center positions was typically 50 kHz with line widths (FWHM) around 4 MHz.
For measurements on C 3 isotopologues, 13 C-enriched target samples were produced in stoichiometric mixtures. Sample pellets of 10 mm in diameter and of 10 mm length were sintered from 12 C-and 13 C-amorphous powders (Sigma Aldrich, 99% grade) at the Tycho Sinterlab, Rostock, using a HP D5 unit (FCT Systeme GmbH). To achieve homogeneous samples of reproducible high quality, the field assisted sintering technique (FAST) was used, applying a force of 5 kN on the sample at 1700 • C final temperature and a previous heating rate of 100 K/min (for technical details, see Garay 23 ). The sample density depends linearly on the 13 C mole fraction, which has been used as a sample quality parameter (see Table I ).
III. MEASUREMENTS AND DATA REDUCTION
In the present study, sixty-five ro-vibrational transitions of the ν 2 fundamental bending mode, (0,1 1 ,0)-(0,0 0 ,0), were measured in the frequency region between 1.8 and 1.9 THz and assigned to six different C 3 isotopologues. Table III lists line positions for the main isotopologue as well as those from the singly, doubly, and fully 13 C-substituted C 3 isotopologues. For transitions outside the covered frequency range, we give calculated values based on a least squares fit analysis using a standard Hamiltonian for a linear molecule from all available data from the literature. We used the PGOPHER program 24 to derive molecular parameters for all six C 3 isotopologues in the ground and vibrational excited states as given in Table II . Ground state and excited bending state energies are given by
for the (0,0 0 ,0) ground state, and A. 12 C 12 C 12 C
In order to improve the accuracy of the main isotopologue data, we re-measured the transitions P (2) 
, P(4), Q(2), Q(4), Q(8), Q(10)
, and R(0), which in combination with our previous measurement of the R(2) line 15, 16 allow for a separate determination of upper and lower state constants, B , q , and B via combination differences (see Figure 3) . The remeasured P(2) line was found 2 MHz higher in frequency than the value given by Schmuttenmaer et al., 14 a finding which may explain the deviations of astrophysically detected P(J) transitions from line positions given in the Cologne Database for Molecular Spectroscopy (CDMS). 26 From the improved data set, an accurate line list for 12 C 12 C 12 C bending mode transitions was derived from a weighted global fit analysis of all available data. As a result, improved rotational constants and the band center position were obtained which are in excellent agreement with recent ab initio results published by Schrö-der and Sebald 22 and which reproduce the astrophysical data within the error limits. The obtained molecular parameters FIG. 5 . The lower frame shows the measured experimental transitions (black upwards) in the ν 2 band of 12 C 12 C 13 C in the frequency range 1.8-1.9 THz and the simulation (green downwards) at a rotational temperature of 13 K as stick spectrum. The upper frames show measured line profiles (dots) with a mole fraction of 1/3 13 C in the ablation target (sample B) and their Gaussian fits (blue solid line). The isotopologue assignment, 12 C 12 C 13 C, is confirmed by the Q(3)-transition, which was much weaker using a 2/3 13 C (sample C), i.e., at a higher 13 C mole fraction as indicated in orange. (0,1 1 ,0) -(0, 0 0 , 0) bending mode (in MHz) of 12 C 3 and for 13 C substituted C 3 isotopologues. Experimental uncertainties are given in parentheses with 1σ deviation. Table II . Figure 2 shows a stick spectrum of 12 C 12 C 12 C with only even J quantum numbers, featuring Bose-Einstein statistical weights of two identical carbon nuclei of spin I( 12 C) = 0.
B. 12 C 13 C 12 C
Using 13 C-enriched target rods, a new band at 1.830 THz appeared 71 GHz below the main isotopologue band center. Strongest line intensities were observed when one-third of the carbon sample was of amorphous 13 C, i.e., presumably favoring the formation of singly 13 C-substituted C 3 species, see Figure 4 . The lack of odd-numbered J-transitions in the measured spectrum was in support of assigning two R-branch and four Q-branch transitions to centro-symmetric 12 C 13 C 12 C.
These new data together with IR-data reported by Krieg et al. 19 and optical data from Haddad et al. 21 were analyzed in a weighted least squares fit to derive molecular parameters as given in Table II . We found excellent agreement with ab initio data of Schröder and Sebald; 22 in particular the measured and calculated line center positions agree within 6 GHz. For transitions of J > 8, line intensities became rather faint due to an unfavorable Boltzmann-population of rotational levels at temperatures below 20 K.
C. 12 C 12 C 13 C
A second band at 1.893 THz was found only 8 GHz below the main isotopologue band when a 33% 13 C-enriched sample was used. We assigned one R-branch, two P-branch, FIG. 6 . Stick spectrum of measured 13 C 12 C 13 C lines and calculated line intensities at T = 13 K featuring a 3:1 statistical weight alternation of odd/even J transitions. Upper trace frames show recorded spectra from 67% 13 C-enriched samples (blue) and fitted Gaussian line shapes. A weaker signal (orange) is recorded when samples of 33% 13 C were used. and six Q-branch transitions of the ν 2 -bending mode to 12 C 12 C 13 C (see Figure 5 ). Even and odd numbered transitions were found of comparable intensities, according to an asymmetric molecule of point group C ∞v . All measured line positions were determined very precisely with uncertainties of less than 100 kHz. Accurate line positions are given in Table III , and molecular parameters derived from a weighted global fit analysis including IR-data published by Krieg et al. 19 and optical data by Haddad et al. 21 can be found in Table II .
D. 13 C 13 C 12 C
In order to identify the lowest rotation-vibrational transitions of the doubly 13 C-substituted asymmetric 13 C 13 C 12 C species, a 67% 13 C-enriched target sample was used. The strongest lines of a band originating at 1.821 THz were assigned to three R-and twelve Q-branch transitions of this molecule. For a global fit analysis, optical measurements by Haddad et al. were included. The lack of high J-transitions did not allow us to determine the centrifugal distortion constants of 13 C 13 C 12 C. Instead we used ground and excited state centrifugal parameters of 13 C 13 C 13 C and scaled these with the corresponding ratios of 12 C 12 C 12 C and 12 C 12 C 13 C.
E. 13 C 12 C 13 C
A set of ten lines around the band center at 1.885 THz showed maximum intensity when using a sintered target rod of 67% 13 C-enriched carbon. In addition to the standard Boltzmann thermal population, individual lines follow an intensity alternation with an odd numbered J-transition being three times stronger than the even numbered ones. These findings led to the assignments of these lines to 13 C 12 C 13 C. Here the line intensities are affected by Dirac-spin statistical weights of two identical nuclei of spin I( 13 C) = 1/2. Figure 6 shows the recorded 13 13(2) K. We scaled the ground state centrifugal distortion constants of 13 In order to identify the bending mode of the fully 13 C-substituted C 3 isotopologue, we used a 67% 13 C-enriched sample. Four R-branch and thirteen Q-branch transitions of a 3:1 intensity alternation were measured in the accessible range of the radiation source. Molecular parameters were obtained from a least squares fit analysis including IR-data published by Moazzen-Ahmadi and McKellar. 20 In total 65 transitions were assigned to the six isotopologues of C 3 . Accurate line center positions, rotational constants for ground and excited states as well as the -type doubling parameters were derived. Higher centrifugal parameters were obtained when rotationally resolved IR-data of high J-transitions were introduced to the global fit.
The experimental observation shows that the band centers have to be predicted theoretically with an accuracy better than half percent to distinguish different isotopologues, see Figure 7 . The ab initio calculated band centers of Schröder and Sebald 22 are systematically lower by 6 GHz (0.3%) compared to experimental values. The calculated excited state rotational constants B (0,1 1 ,1) and the -type doubling constants q agree almost perfectly well with the corresponding experimental values. In Table IV experimental vibrationrotation coupling constants α 2 for the ν 2 bending mode are given.
IV. MOLECULAR STRUCTURE
The structure parameters, bond lengths r 1 , r 2 and bending angle ρ, are not directly observable. In good approximation C 3 is thought to be a linear molecule with two equivalent bond lengths r 1 = r 2 = r and bending angle ρ = 0. As a first approach, the bond length r can be estimated by using the experimentally determined B (0) -values of the isotopologues, resulting in the so-called "r (0) -structure." Because of the unharmonicity of the potential even at the ground vibrational level, the r (0) -distance between the outer and inner carbon atoms does not correspond to the equilibrium distance. In Sections IV B and IV C, the structural parameter r is approximated by two methods. First, Watson's mass-dependent structure r (m) is calculated using experimental data only. Second, the vibrational correction α 2 of the bending mode is used to derive an approximated value r (0e0) for the equilibrium structure r (e) . It is expected that r (m) and r (0e0) are close to theoretical values as discussed in Section V.
A. Effective vibrational ground state structure, r (0)
The effective moment of inertia for the vibrational ground state, I (0) , can be derived from the rotational ground state constant B (0) , The effective structure parameter in the vibrational ground state, r (0) , can be determined by
where z Table V for each isotopologue.
B. Watson's mass-dependent structure, r (m)
Another approximation to the bond length r can be made by using the approach by Watson. 27 First, the so-called The effective rotational constant for the ground vibrational state is thus denoted as B (0,0 0 ,0) or simply as B (0) (as in Section IV A). In the first approximation, the equilibrium rotational constant B (e) , i.e., the rotational constant for the r (e) -structure, is related to the effective rotational constant of a vibrational state by MHz have almost the same value but with opposite signs. Thus, the effect of α 1 and α 3 in Eq. (5) nearly cancels out; the ab initio calculation also supports this cancellation. 22 Hence, taking only the α 2 contribution into consideration, we obtained B (0e0) values for each isotopologue. The thus-derived r (0e0) values are listed in Table V . The value of α 2 is smaller than B (0) by a factor of approximately 3/100, which is larger than that of a semi-rigid molecule. We estimate the higher order contribution neglected in the approximate relation of Eq. (5) to be on the order of (3/100) 2 ≈ 1/1000. Thus, the relative uncertainty of r (0e0) may be in the order of 0.001 Å. They show very little deviation among the isotopologues.
V. CONCLUSION
We observed the ν 2 fundamental band of the C 3 radical at high resolution for all isotopologues: 12 C 12 C 12 C, 12 C 13 C 12 C, 12 C 12 C 13 C, 13 C 13 C 12 C, 13 C 12 C 13 C, and 13 C 13 C 13 C. From the rotational constants of the ground state and the 2 = 1 state, we determined experimentally the bond length of the C 3 radical to high precision. The C-C nuclear distances were determined using various models, see Table VI . In this table, the r (0) , r (m) , and r (0e0) values are the averages over those obtained for the isotopologues as listed in Table V . Their estimated uncertainties reflect the variance of the parameters among these isotopologues. For example, since the differences between the r (0) values of the isotopologues are very small, its calculated standard deviation of the mean value is underestimated. It is important to note that the r (0) value in Table VI is indeed smaller than the r (m) value and that the relation r (0e0) > r (m) > r (0) holds. This might be explained as an effect of a bending vibration with a large amplitude, which is not negligible even in the vibrational ground state through the zero-point vibration. Furthermore the probability of finding a carbon atom perpendicular to the molecular axis is expected to be distributed in a fairly large area. Thus, the effective rotational constant in the ground state should be significantly affected by these offaxis contributions. As mentioned in Section IV, the r (0e0) value should be a good approximation of the r (e) value in the present case. For 12 C 12 C 12 C, where experimental values of α 1 , α 2 , and α 3 are available, the derived r (e) exp = 1.294 71(5) Å value using Eq. (3) is slightly smaller than the r (0e0) = 1.295 11(5) Å value. Thus, we expect the experimentally determined r (0e0) from all isotopologues to slightly overestimate the true bond length. This is also confirmed by the theoretically determined value of r (e) theo = 1.293 97(10) Å by a recent ab initio calculation by Schröder and Sebald. 22 The agreement between the two values is excellent, if we take into account the uncertainty of 0.001 Å in r (0e0) mentioned at the end of Section IV C.
SUPPLEMENTARY MATERIAL
See supplementary material for a complete list of fitted molecular parameters and line lists for all C 3 isotopologues.
